1. Introduction {#s0005}
===============

Organic semiconductors combine the properties of semiconductors with the processability of organic molecules. Recently a lot of effort has been put in the optimization of their physical and chemical properties for organic electronics applications [@b0005]. Big effort was put to understand and improve electrical conductivity which is one of the key points in the construction of organic electronic devices. One of the ways to increase the charge conductivity in an organic semiconductor is via doping [@b0005; @b0010]. There are many ways of doping organic materials:(1)Chemical oxidation (reduction) for p- (n) doping.(2)Electrochemical oxidation (reduction) for p- (n) doping.(3)Field induced doping in organic field effect transistors (OFETs).(4)Photoinduced doping.

Here electrochemical oxidation and/or reduction are of high interest since it provides easy and flexible variation of redox parameters (doping levels). The variety of physical and chemical parameters, which can be characterized during electrochemical studies, led to the development of different *in situ* techniques [@b0015; @b0020; @b0025; @b0030; @b0035; @b0040]. Different spectroscopic methods used during cyclic voltammetry measurement allow studying optical, vibrational and electrical changes during oxidation--reduction processes in organic semiconductors. However, all of them are important for understanding doping effects and thus the need for different sample structures and overall big quantities of a material is one of the main obstacles. In an attempt to speed up screening of new materials a new approach leys in a strong miniaturization that allows for drastically reducing the required amount of chemicals. This can be realized by employing scanning droplet cell microscopy (SDCM) with respect to its general applicability for all electrochemical methods even including some combined techniques [@b0045; @b0050; @b0055; @b0060; @b0065].

In this paper an adapted scanning droplet cell microscope and its performance for electrochemical characterization of organic semiconductors is presented. Scanning droplet cell microscopy was applied to measure cyclic voltammetry and electrochemical impedance spectroscopy. The measurement area was up to 3.2 mm^2^ allowing multiple characterization on a 15 × 15 mm^2^ substrate. The necessary amount of the organic material required for the study was less than 1 mg, and less than 1 ml of electrolyte solution was used. This low consumption of the materials together with large amount of reproducible information obtained makes this setup a very promising technique for screening new organic materials. This paper describes in detail the electrochemical redox processes to characterize regioregular poly(3-hexylthiophene), a standard material for organic solar cells. Two clearly separated and fully reversible oxidation peaks were identified and characterized.

2. Experimental {#s0010}
===============

2.1. Reagents and materials {#s0015}
---------------------------

For this study, a soluble derivative of polythiophenes, the regioregular poly(3-hexylthiophene) (98%, Rieke Metals) was used without further purification. The polymer was dissolved in chlorobenzene (99+%, Acros Organics) with a concentration of 10 g L^−1^ and at a later stage it was deposited by spin coating on a single 15 × 15 mm^2^ glass/ITO (15 Ω/□, Kintec Co.) substrate. Before coating, the glass substrate was cleaned by sequential sonication in acetone, isopropanol and de-ionized water. The thickness of the P3HT layer was approximately 100 nm. For all electrochemical studies, 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF~6~, ⩾99%, Fluka Analytical), prepared by dissolving in propylene carbonate (PC, 99.7%, Sigma Aldrich), was used.

2.2. Scanning droplet cell microscopy {#s0020}
-------------------------------------

For all the electrochemical investigations, a scanning droplet cell microscope with a three electrode configuration was used [@b0070]. This special feature of small area localization in SDCM can be exploited for various studies in thin film combinatorial libraries [@b0075]. Since only a small electrolyte droplet comes in direct contact with the working electrode surface, even on small samples a high number of investigations can easily be done applying various electrochemical techniques. This increases the number of possible measurements on a single sample and decreases the overall amount of organic material (\<1 mg) and electrolyte volume (\<1 ml) needed. [Fig. 1](#f0050){ref-type="fig"} shows a photograph of the SDCM during an electrochemical measurement. A plastic block is used for fixing the cell body to an XYZ translation stage which is used for moving the tip of the cell to various locations on the sample surface. The sample representing the working electrode (WE) is electrically contacted using a tungsten needle pressed on a small Indium (In) droplet placed on the ITO substrate. This ensures a good stability of the contact over time. The inset of [Fig. 1](#f0050){ref-type="fig"} shows a schematic representation of the SDCM. The cell was built using a tapered glass capillary (Pasteur pipette) for which a tip diameter of 2 mm was achieved by appropriate grinding. At the top part, an electrolyte inlet is provided by using a 1 mm in diameter Teflon tube connected to the inner volume of the cell and isolated from the exterior by using a two component epoxy resin. An Ag/AgCl quasireference electrode (QRE) was prepared by electrodeposition of AgCl in 1 M HCl on an Ag wire 0.5 mm in diameter. The potential of the RE was found to be 0.211 V vs. standard hydrogen electrode (SHE). Further on, in the entire study all the potential values are given as referenced to the SHE. Details about the AgCl electrodeposition are provided elsewhere [@b0080]. The QRE was also inserted into the cell body from the top, keeping a minimum distance to the WE surface (approximately 1 mm) and fixed with epoxy resin. A gold stripe (Wieland Dentaltechnik 99.999%) (2 mm wide) was used as counter electrode (CE) forming a coil at the top part of the glass capillary, where the inner diameter is still large enough for avoiding electrical contact with the RE. The CE was also embedded into the epoxy resin at the top, which in the final stage of the manufacture completely isolated the inner volume of the cell from exterior. A soft silicone gasket was formed on the rim of the SDCM tip by dipping the capillary in liquid silicone followed by drying it under N~2~ flow. This procedure ensured the use of the SDCM with a highly reproducible wetted area in the contact mode, when the cell is pressed against the WE surface and the gasket seals the electrolyte inside the cell for avoiding any air contact [@b0085]. This is an important aspect for the electrochemistry of organic materials when non-aqueous electrolytes are used due to the water contamination from the surrounding atmosphere. The reason behind is that non-aqueous electrolytes are preferred due to the large electrochemical window as compared to aqueous electrolytes.

2.3. Electrochemical characterization {#s0025}
-------------------------------------

All the electrochemical measurements were performed using a combination of a Solartron 1287 potentiostat and a Solartron 1260 frequency response analyzer. Cyclic voltammetry was used for basic characterization of the oxidation of P3HT. For this purpose, the maximum achievable potential was increased from 0 V vs. SHE in steps of 0.05 V up to 1.5 V. Different rates of the potential increase were used ranging between 0.001 V s^−1^ and 0.1 V s^−1^. Potentiostatic experiments were performed at potentials ranging from 0 V to 1.5 V. Electrochemical impedance spectroscopy (EIS) was used for characterization of the P3HT, by alternating the potentiostatic experiments with impedance measurements. A peak--peak AC perturbation of 0.02 V was applied and the frequency was scanned between 100 kHz and 1 Hz. Mott--Schottky analysis was used for the characterization of the semiconducting properties during doping of P3HT.

3. Results and discussion {#s0030}
=========================

3.1. Cyclic voltammetry studies {#s0035}
-------------------------------

[Fig. 2](#f0055){ref-type="fig"} shows a series of cyclic voltammograms measured using TBAPF~6~ electrolyte dissolved in propylene carbonate, with a rate of potential increase of 0.01 V s^−1^. The maximum achievable potential was increased in 0.05 V steps up to 1.5 V for carefully probing the oxidation and the reduction potentials of the polymer. Two distinct and reversible oxidation potentials were found. The maximum of the first oxidation peak was measured at 0.52 V and the maximum of the second oxidation peak was found at 0.93 V. The reproducibility and stability of the oxidation potentials can be directly analyzed from the CVs shown in [Fig. 2](#f0055){ref-type="fig"}. It was found that the first oxidation potential is shifting by 0.1 V during the entire series of investigation. For the second oxidation potential, only a slight shift smaller than 0.1 V was noticed. A constant shifting might be explained by a not fully reversible oxidation, resulting in a continuous growth of the oxidized polymer layer. In addition, the current density corresponding to the first oxidation peak decreases with approximately 20% during the entire study suggesting a possible decrease of the effective area. This can be attributed to degradation of the electrochemical cell.

In order to study the electrochemical reaction kinetics, cyclic voltammetry with changing scanning rates were used. The SDCM tip was moved to a new location on the surface of the P3HT and scan rates of 1 mV s^−1^, 3 mV s^−1^, 10 mV s^−1^, 30 mV s^−1^ and 100 mV s^−1^ were successively applied. In [Fig. 3](#f0060){ref-type="fig"} these cycles are presented together and a direct comparison between them becomes possible. For each measurement, the current was divided by the scan rate used. The obtained values of d*Q*/d*E* as a function of the applied potential in the electrochemical process are presented in [Fig. 3](#f0060){ref-type="fig"}. With the increase of the potential scan rate up to 10 mV s^−1^, the oxidation peaks positions are invariable. For the first three curves, the oxidation peaks are found at 0.52 V and 0.93 V, which are identical with the result obtained previously from [Fig. 2](#f0055){ref-type="fig"}. Also, the reduction peaks are found in the same position as before. When further increasing the potential scan rate, the oxidation and reduction peak positions are found to be shifted towards higher respectively lower potentials. The maximum shifts of the oxidation peaks were measured as 0.07 V and 0.05 V corresponding to the first and second peak, respectively. This scan rate dependent measurement gives an insight into the kinetics of the underlying processes. The stronger shift of the first peak with increasing scan rate indicates a stronger kinetic hindrance for this process. Missing an initial conductivity in the fully reduced state does not allow a direct charge penetration whereas this effect is significantly lower for the second peak.

3.2. Potentiostatic studies {#s0040}
---------------------------

In addition to cyclic voltammetry, a series of potentiostatic experiments was conducted in which the constant potential was increased stepwise in an attempt to determine the oxidation potentials. For the entire measurement series, the layer of P3HT was kept for 10 s at the corresponding potential while the transient current response was measured. These results are presented in the 3D graph of [Fig. 4](#f0065){ref-type="fig"}. Differences in the electrochemical processes can be better determined in such series of potentiostatic experiments by an increase in the current, especially when a sufficiently small step of the constant potential is used. For this purpose, a potential increase of 50 mV was found to be suitable. For low potentials, only a background current in the order of 10^−8^ A cm^−2^ could be measured. During the 10 s timeframe for the measurements, this current remains constant. At potentials higher than 0.6 V, the beginning of the current transients shows much higher values than the background level. These values are increasing with the potential from one curve to the next within the series. During the first two seconds, a decrease of the current can be seen. This decrease characterizes the oxidation process of P3HT. Later on, the current stabilizes in plateaus describing the set-in of the electrochemical process equilibrium. The values of the current plateaus are higher than the initial background current and increase with applied potential. This effect might be attributed to an increase in the P3HT conductivity.

The measured current densities after the potentiostatic 10 s pulse can be used for the characterization of the electrochemical processes. All these values are summarized in [Fig. 5](#f0070){ref-type="fig"} for the entire series of potentiostatic experiments. Up to 0.65 V, a constant current density can be observed with a low value in the range of 10^−8^ A cm^−2^. This value is directly describing the background current of the electrochemical system. Starting from 0.65 V, a first small increase of the current density can be observed, which settles in a first plateau at 4.5 × 10^−7^ A cm^−2^. The potential range of this current increase matches the first oxidation peak measured in the CVs from [Fig. 2](#f0055){ref-type="fig"}. The first plateau describes the transitional potential range between the first and the second oxidation peaks. Above 0.95 V, a second current increase can be observed and the presence of a second current density plateau is revealed starting with 1.2 V. These results fit very well the CVs data presented in [Fig. 2](#f0055){ref-type="fig"}. The second current increase characterizes the second oxidation peak, while the second current plateau ends at high potentials where the stability of the system already changes due to various possible degradation processes in the electrolyte, P3HT, ITO or a combination of these factors.

The integration of the potentiostatic transients presented in [Fig. 4](#f0065){ref-type="fig"} combined with their summation allow a description of the total charge consumed up to each potential step during the electrochemical process. In [Fig. 5](#f0070){ref-type="fig"} together with the current densities, the total charge is plotted as a function of the potential. At low potentials up to 0.65 V, the charge level is low, just slightly increasing due to the capacitive charging. Above this potential, a stronger increase of the consumed charge can be observed indicating the start of the oxidation process of the P3HT.

Additionally, more detailed study on the oxidation processes can be done by integrating the potentiostatic currents and subsequently plotting the resulting charge as d*Q*/d*E* vs. E for each potential step. Since the charge value is calculated for each potential step after equilibrium is attained, this plot will describe the infinitesimal changes in the electrochemical system. Therefore, it can be interpreted as infinitesimally slow cyclic voltammetry also referred to as quasi stationary measurements. The d*Q*/d*E* plot vs. E is presented in [Fig. 6](#f0075){ref-type="fig"}. At low potentials up to 0.65 V the amount of charge which takes part in the electrochemical process is low. This is due to the capacitive charging which occurs in the cell. Above 0.65 V, an increase in the charge is noticeable since the electrochemical oxidation starts. The slope of the increase can be fitted with two linear functions which describe a double step oxidation process. Above 1.1 V, the values of the d*Q*/d*E* reach a plateau which is characterizing the fully oxidized form of the P3HT. Above 1.3 V a further charge increase can be observed. This slope is then representing the degradation processes in the electrochemical cell. In principle the same information would be expected from a CV and a series of potentiostatic current transients. However, the problem with CV can be that a slower process is apparently shifted towards higher potentials and may overlap with a faster process that thermodynamically starts only at higher potentials. In such a case not only an overlap of these two processes would be observed but also an effect may be observed since the second process might then start from a different initial state. A series of potentiostatic pulse experiments in which the final states are plotted against the potential on the other hand does not show this restriction. In case of a coincidence between these experiments is then a clear kinetic proof of applicability.

3.3. Electrochemical impedance spectroscopy {#s0045}
-------------------------------------------

Electrochemical impedance spectroscopy was applied for investigation of the P3HT impedance as a function of the frequency at various potentials. All the measurements were done during the potentiostatic experiment presented in [Fig. 4](#f0065){ref-type="fig"}. After each potentiostatic 10 s pulse, necessary for establishing an equilibrium state of the electrochemical process at a given potential, a full impedance spectrum rather than a single frequency measurement was recorded. For each measurement, a bias equal to the constant potential previously used in the potentiostatic experiment was applied. During the entire EIS, the SDCM addressed a single measurement spot. The Bode plots of the impedance spectroscopy on P3HT are presented in [Fig. 7](#f0080){ref-type="fig"}. The impedance as a function of the frequency presented in part (a) of [Fig. 7](#f0080){ref-type="fig"} shows a strong dependence on the applied potential. Increasing the bias of the electrochemical process (indicated by the arrow in (a)) resulted in a decrease of the low frequency impedance. This is a direct result of the doping process of P3HT during the electrochemical oxidation which changes the electrical conductivity of the polymeric film [@b0005]. The phase shift recorded during the EIS is presented in part (b) of [Fig. 7](#f0080){ref-type="fig"}. The potential increase is again indicated by an arrow and is strongly affecting the measured phase. At low biases, a phase shift of approximately −75° can be observed at frequencies below 1 kHz. Increasing the potential, the phase shift is approaching −10° even at higher frequencies. This behavior can be used for best choosing the necessary equivalent circuit for fitting all EIS data. The inset of [Fig. 7](#f0080){ref-type="fig"}a is depicting the proposed equivalent circuit. For EIS on organic materials, many equivalent circuits were used up to date [@b0145; @b0095; @b0100; @b0105; @b0140]. In the present case, the electrolyte is characterized by a series resistance *R*~0~. This is consistent with all models describing electrochemical processes in conducting electrolytes. The interface between the P3HT film and the bulk electrolyte is characterized by a constant phase element CPE~1~ in a parallel configuration with a resistor *R*~1~. This describes the diffuse double layer which forms at the contact between the polymer surface and the electrolyte due to the dipole alignment of adsorbed electrolyte molecules. The CPE~1~ simulates a capacitor that is formed by the dipoles, while the *R*~1~ simulates the charge transfer from the electrolyte to the organic layer. The P3HT layer is described by a second parallel circuit formed from another constant phase element CPE~2~ and its resistance *R*~2~. The oxidation of the polymer will have as a result the formation of P3HT^+^ cations which are stabilized by the $\text{PF}_{6}^{-}$ anions from the electrolyte. This process will influence both values of the R-CPE model used here.

Using the equivalent circuit presented in the inset of [Fig. 7](#f0080){ref-type="fig"}a all the measured impedance spectra were fitted using fit software (ZView - Scribner Associates Inc.). In this way, the influence of the separate components of the electrochemical system can be independently analyzed. During the electrochemical process, the value of the electrolyte resistance (*R*~0~) was found to be constant with a value of 5.3 kΩ. Particular interest was given to the values of interface and P3HT layer resistances (*R*~1~ and *R*~2~, respectively). These values are presented in [Fig. 8](#f0085){ref-type="fig"} as a function of the applied potential during the electrochemical process. The interface resistance (*R*~1~) shows an initial decay starting from approximately 2.5 MΩ. This happens during the bias increase up to 0.1 V and the process can be attributed to the dipole alignment of adsorbed electrolyte molecules at the interface. At higher potentials, the interface resistance stabilizes around 400 kΩ slightly fluctuating during the entire potentiostatic analysis up to 1.5 V. The values of the P3HT resistance (*R*~2~) as calculated from the impedance spectra together with the conductivity values are presented in the lower graph from [Fig. 8](#f0085){ref-type="fig"}. The change of the polymer layer resistance due to the electrochemical doping is presented as a function of the applied bias. Three distinct regions can be identified. Below 0.65 V a small decrease of the P3HT resistance can be noticed according to the doping of the polymer in contact with electrolyte. This idea is supported by the CVs and the potentiostatic measurements where only background currents were measured. This large film resistance is equivalent with very low film conductivity in the range of mS cm^−1^. This is expected for undoped or very low doped materials. For higher bias values up to 1.2 V a strong decay by two orders of magnitude of the film resistance are observed. In this potential range both oxidation peaks were found during the cyclic voltammetry ([Fig. 3](#f0060){ref-type="fig"}). This region describes a transition to the conducting form of the P3HT and directly characterizes the electrochemical doping of the polymer film. Also, these results can be very well correlated to the current density increase found in the potentiostatic experiments ([Fig. 5](#f0070){ref-type="fig"}b) due to the first and second oxidation peaks. In this region the values of conductivity increase by three orders of magnitude reaching 8.4 S cm^−1^. This value is in full agreement with the previously reported conductivity measurements of the P3HT film after chemical doping in iodine vapor [@b0115] For potentials higher than 1.2 V, the P3HT film resistance showed only a slight decrease indicating the presence of a fully doped state. This result indicates that the final current density increase found during the potentiostatic investigations ([Fig. 5](#f0070){ref-type="fig"}b) at potentials above 1.2 V must not be attributed to an electrochemical doping of the P3HT. This statement can be also proven by conductivity calculations were, for potentials above 1.2 V, a plateau is observed. This would rather describe a degradation process of the electrolyte and/or the metallic electrodes.

3.4. Mott--Schottky analysis {#s0050}
----------------------------

For analyzing the semiconducting properties of the P3HT film, Mott--Schottky analysis was conducted during the electrochemical impedance spectroscopy. According to this theory, the inverse square capacitance of a semiconducting layer is proportional to the applied potential [@b0120; @b0125]. In the current study, the conductivity change due to an increase in the doping level is directly reflected in a capacitance change. Therefore, the doping level can be studied qualitatively and quantitatively using this method. The capacitance values of the polymer were determined from CPE~2~ measured in the impedance spectra (see [Fig. 7](#f0080){ref-type="fig"}) using the equivalent circuit described before. The inverse square capacitance dependence on the applied bias can be followed in [Fig. 9](#f0045){ref-type="fig"}. In this figure a drop in the value of the inversed capacitance can be observed above 0.2 V. Since in all experiments, no oxidation processes could be measured up to 0.4 V, this slope describes the semiconducting behavior of the P3HT substrates prior to the electrochemical doping. In this region P3HT has a very low conductivity and still can be described as semiconductor. Using the equation:$$C_{A}^{- 2} = 2(E - E_{\mathit{fb}} - \mathit{kT}/e)/e\varepsilon\varepsilon_{0}N_{D}$$where $C_{A}^{- 2}$ is the area normalized inverse square capacitance at certain potential, e is the charge, *ε* is the P3HT permittivity (in this study 3.5), *ε*~0~ is the vacuum permittivity, *E* is the applied potential and *E~fb~* is the flat band potential, a donor concentration of 1.3 × 10^18^ cm^−3^ was calculated. This high charge carrier concentration is connected with the air oxygen induced doping [@b0130; @b0135] as well as self-doping of the polymer in contact with electrolyte leading to cation formation. Above 0.4 V the existence of another slope can be noticed as presented in the logarithmic scale in the inlet of [Fig. 9](#f0045){ref-type="fig"}. However, since they describe a polymer in the oxidized form which can be treated already as metal, the Mott--Schottky analysis is no longer valid.

4. Conclusions {#s0055}
==============

The electrochemical redox cycles on thin film of P3HT were locally investigated using a modified version of a scanning droplet cell microscopy adapted to organic electrolytes. The possibility of addressing small areas on the surface of the working electrode (3.2 mm^2^) combined with the advantage of using low electrolyte volumes (\<1 ml) have been exploited in this study. The existence of two oxidation peaks was found during cyclic voltammetry of P3HT and confirmed by further experiments. The electrical behavior of the polymer was characterized *in situ* by electrochemical impedance spectroscopy. A two time constants model was used for fitting the impedance data. An improvement in the electrical conductivity by at least three orders of magnitude was determined. Additionally, Mott--Schottky analysis was employed for determination of the doping level of P3HT.
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